Introduction
============

*Streptococcus pneumoniae* infection, which is a major cause of bacterial pneumonia, meningitis and sepsis, is associated with significant morbidity and mortality in young children. Nigeria is one of the 10 countries with the greatest number of pneumococcal deaths in HIV-negative children aged less than 5 years, with a pneumococcal mortality rate in this age group of 300 to 500 per 100 000 children.[@R1]

In young children, 10 to 15 pneumococcal serotypes account for at least 80% of invasive pneumococcal disease (IPD), with variations in the distribution of specific serotypes among global regions.[@R2] In Africa, pneumococcal serotypes 1 and 5 are estimated to cause almost one-quarter of IPD cases in children aged less than 5 y.[@R2] These serotypes are therefore part of the minimally acceptable target product profile for pneumococcal conjugate vaccines (PCVs) for African countries that are eligible for support from the Global Alliance for Vaccines and Immunization (GAVI).[@R3] Nigeria qualifies for GAVI support[@R4] but PCV immunization is not yet used widely in this country and there are limited data on pneumococcal serotype distribution among young Nigerian children with pneumococcal disease.[@R5]^,^[@R6] A recent analysis of children aged under 5 y with pneumococcal meningitis conducted in 8 West African countries including Nigeria found pneumococcal serotypes 1 and 5 were most common, accounting for approximately half of all pneumococcal isolates from cerebrospinal fluid samples.[@R6] These serotypes are however not frequently found in the nasopharynx of healthy Nigerian children,[@R7] a typical characteristic of these invasive serotypes.[@R8]

PCV immunization schedules in Africa usually include 3 priming doses with no booster dose, as recommended by the World Health Organization (WHO).[@R9] In a randomized controlled study conducted in Mali and Nigeria, 3-dose primary vaccination with the 10-valent pneumococcal nontypeable *Haemophilus influenzae* protein D conjugate vaccine (PHiD-CV; Synflorix™, GlaxoSmithKline Vaccines), according to the Expanded Program on Immunization (EPI) schedule at 6, 10, and 14 wk of age, was immunogenic for all vaccine pneumococcal serotypes and protein D.[@R10] In addition, tolerability was generally comparable between the PHiD-CV and control groups, both of which received diphtheria-tetanus-whole-cell pertussis-hepatitis B/*Haemophilus influenzae* type b (DTPw-HBV/Hib) and oral live attenuated poliovirus vaccines.[@R10] PHiD-CV contains pneumococcal serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F, and protein D as carrier protein for 8 of the 10 serotypes and tetanus or diphtheria toxoid for the remaining two serotypes (serotypes 18C and 19F). Protein D is a recombinant non-lipidated form of a cell surface lipoprotein of nontypeable *H. influenzae* (NTHi) that is highly conserved in both capsulated and non-capsulated strains.[@R11]

As administration of a booster dose of PHiD-CV is recommended in other parts of the world,[@R12] and to comprehensively assess the vaccine's safety and immunogenicity profile in Nigeria, the National Agency for Food and Drug Administration and Control (NAFDAC) in Nigeria requested a booster vaccination study with PHiD-CV. The primary vaccination study was therefore followed by the present study in which children previously primed with PHiD-CV were invited to receive a booster dose of PHiD-CV co-administered with a diphtheria-tetanus-acellular pertussis (DTPa; Infanrix™, GlaxoSmithKline Vaccines) booster dose at 15 to 21 mo of age. Moreover, to evaluate PHiD-CV administration among children who had not received the vaccine in infancy, the unprimed control group was offered 2-dose PHiD-CV catch-up vaccination (first dose co-administered with a DTPa booster dose) in the second year of life. In studies conducted in Europe and South America, this PHiD-CV regimen had an acceptable safety profile[@R13]^,^[@R14] and provided adequate priming[@R13]^-^[@R15] in children aged up to the fourth year of life.

We report results from the booster/catch-up vaccination study conducted in Nigeria. A similar study was also conducted in Mali (ClinicalTrials.gov identifier, NCT00985465) and will be reported separately.

Results
=======

Study population
----------------

The primary vaccination study included 79 children in the PHiD-CV group and 40 in the control group; 69 and 36, respectively, were vaccinated in the PHiD-CV booster/catch-up vaccination study and of these, 68 and 36 were included in the total vaccinated cohort, which was the primary cohort for safety analysis ([Fig. 1](#F1){ref-type="fig"}). The study was completed by all children, apart from 1 child in the PHiD-CV booster group who died due to drowning. The groups were comparable in terms of mean age, gender ratio and mean weight at booster dose or first catch-up dose ([Table 1](#T1){ref-type="table"}). All children were of African heritage.

![**Figure 1.** Trial profile. **Note**: An issue was identified with the informed consent obtained for one child and the child's parents didn't permit GlaxoSmithKline Vaccines to use the child's data. As a result, the data of the child, who had an SAE that was not considered to be related to the study medication by the investigator, are not detailed and were not used in the analysis.](hvi-10-757-g1){#F1}

###### **Table 1.** Demographic characteristics (total vaccinated cohort)

  ---------------------------------------------------------------------------------------------------------------
                                                               PHiD-CV booster group\   PHiD-CV catch-up group\
                                                               (n = 68)                 (n = 36)
  ------------------------------------------------------------ ------------------------ -------------------------
  Gender (%), female/male                                      42.6/57.4                47.2/52.8

  Mean age ± SD (months) at booster dose/first catch-up dose   16.7 ± 1.0               16.4 ± 0.9

  Mean weight ± SD (kg) at booster dose/first catch-up dose    10.3 ± 1.5               9.8 ± 1.2
  ---------------------------------------------------------------------------------------------------------------

SD, standard deviation; N, number of children.

The according-to-protocol (ATP) immunogenicity cohort included 68 children in the PHiD-CV booster group and 35 in the PHiD-CV catch-up group ([Fig. 1](#F1){ref-type="fig"}).

Safety and reactogenicity
-------------------------

The analysis of safety was performed on the total vaccinated cohort. Pain was the most frequently reported solicited local symptom after the PHiD-CV booster dose and both of the catch-up doses ([Table 2](#T2){ref-type="table"}). The incidence of pain was in the same range after the booster dose (36.8% \[95% confidence interval: 25.4--49.3\]) and first catch-up dose (30.6% \[95% CI: 16.3--48.1\]) at the PHiD-CV injection sites and tended to be lower after the second PHiD-CV catch-up dose (13.9% \[95% CI: 4.7--29.5\]) than after the first dose ([Table 2](#T2){ref-type="table"}). Similarly, after the DTPa dose, the incidence of pain at the injection site was 37.3% (95% CI: 25.8--50.0) in the PHiD-CV booster group and 30.6% (95% CI: 16.3--48.1) in the PHiD-CV catch-up group. There were no reports of grade 3 pain in either group and reports of other grade 3 solicited local symptoms were infrequent after vaccination with PHiD-CV (no more than 2.9%, [Table 2](#T2){ref-type="table"}) or DTPa (no reports). There was 1 report of a large swelling reaction in the PHiD-CV booster group (local swelling around the PHiD-CV injection site, of diameter 60 mm, that lasted 2 d and resolved without sequel) and no reports in the PHiD-CV catch-up group. After DTPa vaccination, except for 3.0% (95% CI: 0.4--10.4) of subjects reporting swelling around the DTPa injection site, no other solicited local AE was reported.

###### **Table 2.** Incidences of solicited local and general symptoms per dose (total vaccinated cohort)

  ----------------------------------------------------------------------------------------------------------------------------------------------------------
                       PHiD-CV booster group\   PHiD-CV catch-up group dose 1\   PHiD-CV catch-up group dose 2\                           
                       n = 68                   n = 36                           n = 36                                                   
  ---------- --------- ------------------------ -------------------------------- -------------------------------- ------------------- --- ------------------
  Pain       Any       25                       36.8 (25.4--49.3)                11                               30.6 (16.3--48.1)   5   13.9 (4.7--29.5)

             Grade 3   0                        0.0 (0.0--5.3)                   0                                0.0 (0.0--9.7)      0   0.0 (0.0--9.7)

  Redness    Any       1                        1.5 (0.0--7.9)                   1                                2.8 (0.1--14.5)     0   0.0 (0.0--9.7)

             \>30 mm   0                        0.0 (0.0--5.3)                   1                                2.8 (0.1--14.5)     0   0.0 (0.0--9.7)

  Swelling   Any       2                        2.9 (0.4--10.2)                  2                                5.6 (0.7--18.7)     0   0.0 (0.0--9.7)

             \>30 mm   2                        2.9 (0.4--10.2)                  1                                2.8 (0.1--14.5)     0   0.0 (0.0--9.7)
  ----------------------------------------------------------------------------------------------------------------------------------------------------------

  Solicited general symptom      Intensity   n   \% (95% CI)        n   \% (95% CI)       n   \% (95% CI)
  ------------------------------ ----------- --- ------------------ --- ----------------- --- -----------------
  Drowsiness                     Any         2   2.9 (0.4--10.2)    0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
                                 Grade 3     0   0.0 (0.0--5.3)     0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
                                 Related     2   2.9 (0.4--10.2)    0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
  Fever (axillary temperature)   ≥37.5 °C    8   11.8 (5.2--21.9)   2   5.6 (0.7--18.7)   1   2.8 (0.1--14.5)
                                 \>39.5 °C   0   0.0 (0.0--5.3)     1   2.8 (0.1--14.5)   0   0.0 (0.0--9.7)
                                 Related     8   11.8 (5.2--21.9)   2   5.6 (0.7--18.7)   1   2.8 (0.1--14.5)
  Irritability                   Any         2   2.9 (0.4--10.2)    0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
                                 Grade 3     0   0.0 (0.0--5.3)     0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
                                 Related     2   2.9 (0.4--10.2)    0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
  Loss of appetite               Any         1   1.5 (0.0--7.9)     1   2.8 (0.1--14.5)   0   0.0 (0.0--9.7)
                                 Grade 3     0   0.0 (0.0--5.3)     0   0.0 (0.0--9.7)    0   0.0 (0.0--9.7)
                                 Related     1   1.5 (0.0--7.9)     1   2.8 (0.1--14.5)   0   0.0 (0.0--9.7)

N, number of subjects with at least one documented dose; n/%, number/percentage of subjects reporting the symptom at least once; CI, confidence interval; Related, solicited symptom assessed by the investigator as causally related to study vaccination. Pain of grade 3 intensity, the limb was spontaneously painful or the child cried when the limb was moved passively; grade 3 redness/swelling, diameter \> 30 mm. Drowsiness of grade 3 intensity, prevented normal activity; grade 3 fever, axillary temperature \> 39.5 °C; grade 3 irritability, crying that could not be comforted/prevented normal activity; grade 3 loss of appetite, child did not eat at all. PHiD-CV booster group received PHiD-CV booster dose co-administered with Infanrix™ (DTPa) booster dose. PHiD-CV catch-up group received two PHiD-CV catch-up doses, the first co-administered with Infanrix™ booster dose.

Fever (axillary temperature ≥37.5 °C) was the most common solicited general symptom after the booster dose and each of the catch-up doses ([Table 2](#T2){ref-type="table"}). There were no grade 3 solicited general symptoms in the PHiD-CV booster group and only 1 report (grade 3 fever after dose 1) in the PHiD-CV catch-up group. Use of antipyretic medication during the 4-d post-vaccination period was frequent in both groups, taken by 85.3% (95% \[CI\]: 74.6--92.7%) of children after the PHiD-CV booster dose, 86.1% (95% CI: 70.5--95.3%) after the first PHiD-CV catch-up dose and 72.2% (95% CI: 54.8--85.8%) after the second catch-up dose. Administration was mostly prophylactic (prevalences 77.9% \[95% CI: 66.2--87.1%\], 75.0% \[95% CI: 57.8--87.9%\] and 66.7% \[95% CI: 49.0--81.4%\], respectively).

At least 1 unsolicited adverse event (AE) was reported by 45.6% of subjects (95% CI: 33.5--58.1%) in the PHiD-CV booster group and 50.0% of subjects (95% CI: 32.9--67.1%) in the PHiD-CV catch-up group. The most common unsolicited AEs were respiratory tract infection (reported by 19.1% \[95% CI: 10.6--30.5%\] and 19.4% \[95% CI: 8.2--36.0%\] of subjects, respectively, and following 9.7% \[95% CI: 4.0--19.0%\] of PHiD-CV catch-up doses) and malaria (11.8% \[95% CI: 5.2--21.9%\] and 27.8% \[95% CI: 14.2--45.2%\] of subjects, respectively; following 15.3% \[95% CI: 7.9--25.7%\] of PHiD-CV catch-up doses). None of the unsolicited AEs were considered to be causally related to vaccination.

One fatal serious AE (SAE) was reported in the PHiD-CV booster group (drowning) and no SAEs were reported in the PHiD-CV catch-up group. For one vaccinated child, who was not included in the total vaccinated cohort because of an informed consent issue ([Fig. 1](#F1){ref-type="fig"}), a SAE was reported, which was not considered by the investigator to be related to vaccination. The event cannot be detailed because the child's parents did not permit use of the child\'s data by GlaxoSmithKline Vaccines.

Immune responses
----------------

### PHiD-CV booster vaccination

Vaccine pneumococcal serotype geometric mean antibody concentrations (GMCs) declined between the post-primary vaccination and pre-booster vaccination time points ([Fig. 2](#F2){ref-type="fig"}). Before booster vaccination, for each of the vaccine pneumococcal serotypes, at least 91.2% of subjects had detectable antibody concentrations ≥0.05 µg/ml and at least 82.4% of subjects had antibody concentrations ≥0.2 µg/ml for all serotypes except serotypes 1 (61.8%), 4 (76.5%) and 23F (70.6%) ([Table 2](#T2){ref-type="table"}). Even with the decline since primary vaccination, antibody concentrations against each serotype were significantly higher before booster vaccination than in the control group before the first catch-up dose ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 2.** (**A**) Geometric mean antibody concentrations (GlaxoSmithKline's 22F-inhibition ELISA, binary logarithmic scale, ATP cohort for immunogenicity) and (**B**) opsonophagocytic geometric mean titers against individual pneumococcal serotypes (decimal logarithmic scale, ATP cohort for immunogenicity). **Note**: Post-pri, 1 mo after 3-dose priming (at approximately 5 mo of age) with PHiD-CV in PHiD-CV booster group and control vaccine in PHiD-CV catch-up group; Pre-bst/catch-up, before booster dose in PHiD-CV booster group or before first catch-up dose in PHiD-CV catch-up group (15 to 21 mo of age); Post-bst/catch-up, 1 mo after booster dose in PHiD-CV booster group (16 to 22 mo of age) or 1 mo after second catch-up dose in PHiD-CV catch-up group (18 to 24 mo of age). Error bars represent 95% confidence intervals.](hvi-10-757-g2){#F2}

After PHiD-CV booster vaccination, antibody GMCs for each of the vaccine pneumococcal serotypes were 6.8- to 30.1-fold higher compared with pre-booster levels and 1.6- to 3.2-fold higher compared with post-priming levels, apart from serotype 19F, which had similar GMCs at both time points ([Fig. 2](#F2){ref-type="fig"}). For each of the vaccine serotypes, an antibody concentration ≥0.2 µg/ml was measured in at least 98.5% of children and opsonophagocytic activity (OPA) titer ≥8 was measured in at least 94.0% ([Table 3](#T3){ref-type="table"}). Post-booster seropositivity rates for cross-reactive serotypes 6A and 19A were high; 80.6% and 85.1% of children, respectively, had an antibody concentration ≥0.2 µg/ml, and 82.0% and 77.3%, respectively, had an OPA titer ≥8 ([Table 3](#T3){ref-type="table"}).

###### **Table 3.** 22F-ELISA antibody and opsonophagocytic responses against individual pneumococcal serotypes 1 mo after vaccination (ATP cohort for immunogenicity)

            ELISA antibody concentration, % ≥ 0.2 µg/ml (95% CI)   OPA titer, % ≥ 8 (95% CI)                                                                              
  --------- ------------------------------------------------------ --------------------------- ------------------- ---- ------------------- ---- ------------------- ---- -------------------
  **1**     **Post-priming**                                       68                          100 (94.7--100)     31   6.5 (0.8--21.4)     31   93.5 (78.6--99.2)   17   5.9 (0.1--28.7)
            **Pre-booster/catch-up**                               68                          61.8 (49.2--73.3)   35   2.9 (0.1--14.9)     \-   \-                  \-   --
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   100 (90.0--100)     66   98.5 (91.8--100)    35   94.3 (80.8--99.3)
  **4**     **Post-priming**                                       68                          100 (94.7--100)     35   8.6 (1.8--23.1)     31   100 (88.8--100)     16   6.3 (0.2--30.2)
            **Pre-booster/catch-up**                               68                          76.5 (64.6--85.9)   35   11.4 (3.2--26.7)    \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   100 (90.0--100)     65   100 (94.5--100)     35   100 (90.0--100)
  **5**     **Post-priming**                                       68                          100 (94.7--100)     32   3.1 (0.1--16.2)     31   96.8 (83.3--99.9)   16   0.0 (0.0--20.6)
            **Pre-booster/catch-up**                               68                          82.4 (71.2--90.5)   35   11.4 (3.2--26.7)    \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   100 (90.0--100)     67   100 (94.6--100)     35   91.4 (76.9--98.2)
  **6B**    **Post-priming**                                       68                          89.7 (79.9--95.8)   35   0.0 (0.0--10.0)     31   93.5 (78.6--99.2)   17   11.8 (1.5--36.4)
            **Pre-booster/catch-up**                               68                          86.8 (76.4--93.8)   35   11.4 (3.2--26.7)    \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          98.5 (92.0--100)    35   82.9 (66.4--93.4)   66   97.0 (89.5--99.6)   31   77.4 (58.9--90.4)
  **7F**    **Post-priming**                                       68                          100 (94.7--100)     33   3.0 (0.1--15.8)     31   100 (88.8--100)     14   64.3 (35.1--87.2)
            **Pre-booster/catch-up**                               68                          91.2 (81.8--96.7)   35   11.4 (3.2--26.7)    \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   100 (90.0--100)     67   100 (94.6--100)     35   100 (90.0--100)
  **9V**    **Post-priming**                                       68                          100 (94.7--100)     35   11.4 (3.2--26.7)    31   100 (88.8--100)     15   20.0 (4.3--48.1)
            **Pre-booster/catch-up**                               67                          95.5 (87.5--99.1)   35   11.4 (3.2--26.7)    \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          98.5 (92.0--100)    35   100 (90.0--100)     66   100 (94.6--100)     35   100 (90.0--100)
  **14**    **Post-priming**                                       68                          98.5 (92.1--100)    35   28.6 (14.6--46.3)   31   100 (88.8--100)     15   13.3 (1.7--40.5)
            **Pre-booster/catch-up**                               68                          97.1 (89.8--99.6)   35   31.4 (16.9--49.3)   \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   100 (90.0--100)     66   100 (94.6--100)     35   100 (90.0--100)
  **18C**   **Post-priming**                                       68                          100 (94.7--100)     35   5.7 (0.7--19.2)     31   96.8 (83.3--99.9)   17   5.9 (0.1--28.7)
            **Pre-booster/catch-up**                               68                          98.5 (92.1--100)    35   11.4 (3.2--26.7)    \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   100 (90.0--100)     67   94.0 (85.4--98.3)   35   100 (90.0--100)
  **19F**   **Post-priming**                                       68                          98.5 (92.1--100)    34   32.4 (17.4--50.5)   31   93.5 (78.6--99.2)   17   5.9 (0.1--28.7)
            **Pre-booster/catch-up**                               67                          88.1 (77.8--94.7)   35   34.3 (19.1--52.2)   \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          100 (94.6--100)     35   97.1 (85.1--99.9)   65   95.4 (87.1--99.0)   34   85.3 (68.9--95.0)
  **23F**   **Post-priming**                                       68                          97.1 (89.8--99.6)   35   2.9 (0.1--14.9)     30   93.3 (77.9--99.2)   14   21.4 (4.7--50.8)
            **Pre-booster/catch-up**                               68                          70.6 (58.3--81.0)   35   2.9 (0.1--14.9)     \-   \-                  \-   \-
            **Post-booster/catch-up**                              67                          98.5 (92.0--100)    35   88.6 (73.3--96.8)   67   98.5 (92.0--100)    35   91.4 (76.9--98.2)

  Cross-reactive serotypes                                                                                                               
  -------------------------- --------------------------- ---- ------------------- ---- ------------------- ---- ------------------- ---- -------------------
  **6A**                     **Post-priming**            68   38.2 (26.7--50.8)   31   0.0 (0.0--11.2)     31   25.8 (11.9--44.6)   16   18.8 (4.0--45.6)
                             **Pre-booster/catch-up**    68   48.5 (36.2--61.0)   35   17.1 (6.6--33.6)    \-   \-                  \-   \-
                             **Post-booster/catch-up**   67   80.6 (69.1--89.2)   35   51.4 (34.0--68.6)   61   82.0 (70.0--90.6)   34   82.4 (65.5--93.2)
  **19A**                    **Post-priming**            68   60.3 (47.7--72.0)   31   12.9 (3.6--29.8)    31   45.2 (27.3--64.0)   17   0.0 (0.0--19.5)
                             **Pre-booster/catch-up**    68   48.5 (36.2--61.0)   35   25.7 (12.5--43.3)   \-   \-                  \-   \-
                             **Post-booster/catch-up**   67   85.1 (74.3--92.6)   35   88.6 (73.3--96.8)   66   77.3 (65.3--86.7)   35   85.7 (69.7--95.2)

N, number of children with available results; CI, confidence interval; Post-priming, 1 mo after 3-dose priming (at approximately 5 mo of age) with PHiD-CV in PHiD-CV booster group and control vaccine in PHiD-CV catch-up group; Pre-booster/catch-up, before booster dose in PHiD-CV booster group or before first catch-up dose in PHiD-CV catch-up group (15 to 21 mo of age); Post-booster/catch-up, 1 mo after booster dose in PHiD-CV booster group (16 to 22 mo of age) or 1 mo after second catch-up dose in PHiD-CV catch-up group (18 to 24 mo of age).

The anti-protein D antibody GMC was higher in the PHiD-CV group before booster vaccination than in the control group before the first catch-up dose ([Fig. 3](#F3){ref-type="fig"}). After PHiD-CV booster vaccination, the anti-protein D antibody GMC increased 10.9-fold from pre-booster GMC.

![**Figure 3.** ELISA antibody responses (with 95% confidence intervals) against protein D (logarithmic scale, ATP cohort for immunogenicity). **Note**: Post-priming, 1 mo after 3-dose priming (at approximately 5 mo of age) with PHiD-CV in PHiD-CV booster group and control vaccine in PHiD-CV catch-up group; Pre-booster/catch-up, before booster dose in PHiD-CV booster group or before first catch-up dose in PHiD-CV catch-up group (15 to 21 mo of age); Post-booster/catch-up, 1 mo after booster dose in PHiD-CV booster group (16 to 22 mo of age) or 1 mo after second catch-up dose in PHiD-CV catch-up group (18 to 24 mo of age).](hvi-10-757-g3){#F3}

### PHiD-CV 2-dose catch-up

One month after 2-dose catch-up in the second year of life, for each vaccine pneumococcal serotype, antibody GMCs increased by 17.0- to 512.2-fold from pre-vaccination values. Antibody GMCs were in the same ranges as the immune responses following PHiD-CV booster vaccination for serotypes 4, 14, 18C, and 19F while a trend for lower antibody GMCs was observed in the catch-up group for the other 6 vaccine serotypes ([Fig. 2](#F2){ref-type="fig"}). OPA geometric mean titers (GMTs) were in the same range as after the PHiD-CV booster for serotypes 7F, 9V, 14, 18C, 19F, and 23F and tended to be lower for the remaining 4 serotypes ([Fig. 2](#F2){ref-type="fig"}).

For each vaccine serotype, percentages of children with an antibody concentration ≥0.2 µg/ml or OPA titer ≥8 were within the same ranges between the booster and catch-up groups, although the 95% CI overlap was borderline for the percentage with OPA titer ≥8 for serotype 6B, with a tendency toward a lower percentage in the catch-up group ([Table 3](#T3){ref-type="table"}). For each vaccine serotype, at least 97.1% of children had an antibody concentration ≥0.2 µg/ml, except for serotypes 6B (82.9%) and 23F (88.6%), and at least 91.4% of children had an OPA titer ≥8, except for serotypes 6B (77.4%) and 19F (85.3%).

The percentages of children with an antibody concentration ≥0.2 µg/ml were in the same range between groups for cross-reactive serotype 19A, but tended to be lower in the PHiD-CV catch-up group for cross-reactive serotype 6A ([Table 3](#T3){ref-type="table"}). Percentages with an OPA titer ≥8 for cross-reactive serotypes 6A and 19A were in the same ranges as those in the PHiD-CV booster group ([Table 3](#T3){ref-type="table"}).

After 2-dose catch-up vaccination, the anti-protein D antibody GMC was 501.1 EL.U/ml, an 8.1-fold increase from the pre-vaccination value ([Fig. 3](#F3){ref-type="fig"}).

Discussion
==========

This study evaluated the safety and immunogenicity of PHiD-CV when administered as a booster dose to children primed in infancy or as a 2-dose catch-up regimen to unprimed children in the second year of life. The results show both schedules were well tolerated and immunogenic for all 10 vaccine serotypes and NTHi protein D in Nigerian children.

In both groups, pain was the most common solicited local symptom, with fever as the most common solicited general symptom. Reports of grade 3 solicited symptoms were infrequent. Antipyretic medications were not prescribed for prophylactic use by the study investigators, but reported prophylactic antipyretic use was high after booster and catch-up vaccination (for 78% of PHiD-CV booster doses, 75% of first catch-up doses and 67% of second catch-up doses). This might have contributed to low incidences of fever in both groups (12% after booster dose; 6% and 3% after first and second catch-up doses, respectively). Prophylactic administration of antipyretic drugs at the time of primary vaccination was shown to result in lower antibody responses to several vaccine antigens.[@R16]^,^[@R17] In our study, immune responses were good for all vaccine serotypes, despite the high rate of prophylactic antipyretic medication use.

No SAEs or unsolicited AEs related to vaccination were reported during the booster/catch-up study. Incidences of malaria reported as an unsolicited AE were 12% in the booster group and 28% (following 15% of doses) in the catch-up group. However, the small number of subjects in each group must be taken into account, along with the different AE follow-up reporting durations in each group (1 mo after each dose: one month in the PHiD-CV booster group vs. 2 mo in the PHiD-CV catch-up group), as well as other possible confounding factors. Also, as there was no case definition for the clinical diagnosis of malaria or guidelines for laboratory confirmation in the study protocol, the possibility of misdiagnoses of febrile illnesses cannot be excluded.

Anti-pneumococcal IgG responses after 2-dose PHiD-CV catch-up vaccination were consistent with those measured after 3-dose PHiD-CV priming in infancy, with antibody GMCs within the same range or higher after catch-up immunization for all vaccine serotypes except serotypes 5 and 6B. Antibody GMCs were lower for 6 vaccine serotypes and within the same range for the remaining 4 after the catch-up regimen in comparison to those observed after booster vaccination, although percentages of children with an antibody concentration ≥0.2 µg/ml were consistent between the groups for each vaccine serotype. OPA GMTs were within the same range or higher after 2-dose catch-up compared with GMTs after priming in infancy, and were consistent with post-booster GMTs for 6 vaccine serotypes and lower for the remaining 4 serotypes. Percentages of children with an OPA titer ≥8 for each serotype were within the same range after booster and catch-up immunization. The antibody GMC and OPA GMT results illustrate the benefit of including a booster dose in the immunization schedule. Moreover, these data suggest that immunological memory induced by primary vaccination permitted anamnestic post-booster responses with a single dose that resulted in comparable or higher responses than observed after 2-dose catch-up immunization. In a European trial that included groups of children who received 3 primary doses of PHiD-CV and a booster dose at 12 to 15 mo or 2 catch-up doses in the second year of life,[@R15] 2 doses seemed to provide adequate priming although the results suggested that a booster dose might confer further benefit.

Immune responses in our study in terms of antibody GMCs and OPA GMTs in the PHiD-CV booster group were in line with or higher than those observed in a Latin American study population (manuscript submitted and results publicly available via ClinicalTrial.gov: <http://clinicaltrials.gov/ct2/show/results/NCT00466947>) in which PHiD-CV showed clinical efficacy against community-acquired pneumonia, IPD and acute otitis media following administration as 3 priming doses in infancy and booster vaccination in the second year of life.[@R18]^-^[@R20] A tendency toward higher immune responses in countries outside of Europe or North America has been reported in previous PCV trials.[@R13]^,^[@R21]^-^[@R23] However, the clinical implications of these differences are unclear, particularly as comparisons between studies are complicated by differences in study population and immunization schedule.

PHiD-CV induced immune responses to cross-reactive serotypes 6A and 19A, and high percentages of children (77% to 86%) had a functional OPA response ≥8 against each of these serotypes in both groups. In the analysis of pneumococcal nasopharyngeal carriage in 14 peri-urban Nigerian communities, serotypes 6A and 19A were among the top 10 serotypes isolated in children aged less than 5 y.[@R7] However, it is yet to be established if these serotypes are common causes of pneumococcal disease in young Nigerian children.

Potential limitations of this study were its open design and the inability to exclude the possibility of immunologic interference between co-administered vaccines. However, it is unlikely that a PHiD-CV booster dose would be administered alone in routine pediatric vaccination schedules. Also, although 3-dose primary PCV vaccination with no booster dose is currently use in most African countries introducing PCV, there is clear value in the comprehensive assessment of a vaccine in countries where it was previously untested. Finally, the small sample sizes in both groups of this study must be taken into consideration when interpreting its results.

In conclusion, PHiD-CV was well tolerated in Nigerian toddlers when administered as a booster dose at 15 to 21 mo of age following 3-dose priming in infancy, and as 2-dose catch-up immunization administered at 15 to 21 and 17 to 23 mo of age. PHiD-CV was immunogenic for all 10 vaccine serotypes and NTHi protein D in both immunization schedules. This demonstration of immunogenicity and good tolerability suggests that PHiD-CV booster dose administration and 2-dose catch-up vaccination are clinically acceptable for Nigerian toddlers.

Materials and Methods
=====================

Study design and participants
-----------------------------

This phase III, open study (ClinicalTrials.gov, NCT01153893) was conducted between October 2010 and February 2011 at the same purpose-built research suite at the Lagos State University Teaching Hospital, Ikeja, as used in the primary vaccination study.[@R10] It was conducted according to the Somerset West 1996 version of the Declaration of Helsinki and Good Clinical Practice (GCP) guidelines, apart from a deviation from GCP in the informed consent process for one child (described in the legend Note to [Fig. 1](#F1){ref-type="fig"}). For all other children, written informed consent was obtained from a parent or legal guardian or the thumb print of an illiterate parent/guardian was obtained on the consent form, countersigned by an independent, literate witness. The protocol was reviewed and approved by the Health Research and Ethics Committee of the hospital and authorization for the study was provided by NAFDAC.

In the previous open, randomized controlled primary vaccination study, healthy infants received DTPw-HBV/Hib (Zilbrix™ Hib, GlaxoSmithKline Vaccines) and oral live attenuated poliovirus (Polio Sabin™, GlaxoSmithKline Vaccines) vaccines with (PHiD-CV group) or without (control group) PHiD-CV at 6--10--14 wk of age.[@R10] In Nigeria, all children in the PHiD-CV group who received 3-dose priming with PHiD-CV were invited to receive a booster dose of PHiD-CV co-administered with a booster dose of DTPa vaccine (Infanrix™, GlaxoSmithKline Vaccines) at 15 to 21 mo of age; Zilbrix™ Hib was no longer available at the time of the booster/catch-up study. Children in the control group were offered 2-dose catch-up vaccination with PHiD-CV administered at 15 to 21 mo of age and 17 to 23 mo of age. A booster dose of DTPa vaccine was co-administered with the first PHiD-CV catch-up dose. Both vaccines were administered by intramuscular injection using standard vaccination techniques.

The primary objective of the study was to assess the safety and reactogenicity of PHiD-CV booster dose in relation to the occurrence of grade 3 AEs. Other safety and reactogenicity measures and the immunogenicity of PHiD-CV booster dose and 2-dose catch-up vaccination were evaluated as secondary objectives.

Safety assessment
-----------------

Study field workers, who were trained in study procedures before and during the trial, made contact with children's parents via regular telephone calls and daily home visits for 4 d after each vaccine dose. Parents were encouraged to contact study personnel if they had any concerns related to their child's participation in the study. Safety observations were recorded by the field workers on diary cards that were returned to the study team for review.

Local (pain, redness, swelling at the injection site) and general (fever \[axillary temperature ≥37.5 °C\], drowsiness, irritability, loss of appetite) symptoms were actively solicited during the 4-d period after the booster dose and each catch-up dose. Large swelling reactions (defined as any local injection site swelling with diameter \>50 mm, noticeable diffuse swelling or noticeable increase in circumference of injected limb) were also recorded.

The intensity of each solicited AE was graded on a scale from 0 to 3. Pain at the injection site was considered to have a grade 3 intensity if the child cried when the limb was moved/was spontaneously painful, redness and swelling at the injection site if the diameter was \>30 mm and fever if axillary temperature was \>39.5 °C. Irritability/fussiness was considered of grade 3 intensity if the child cried and could not be comforted/prevented normal activity, and loss of appetite was considered grade 3 if the child did not eat at all. Grade 3 intensity for all other symptoms and AEs was defined as preventing normal everyday activity and/or causing parents/guardians to seek medical advice.

Other AEs were recorded within a 31-d follow-up period after each vaccine dose and SAEs (defined as any medical event resulting in death, any life-threatening event or any event causing disability, or requiring hospitalization or prolongation of hospitalization) were recorded during the entire study period. All solicited local symptoms were defined in the protocol to be considered causally related to vaccination. For all other AEs, assessment of causal relationship to vaccination was based on the investigator's clinical judgment. Use of therapeutic and prophylactic antipyretic medication was recorded within 4 d following each vaccine dose. An antipyretic medication was considered to be prophylactic when given in the absence of fever and any other symptom to prevent the occurrence of fever.

Immunogenicity assessment
-------------------------

Blood specimens were collected before the PHiD-CV booster dose and first PHiD-CV catch-up dose and 1 mo after the booster dose and second catch-up dose. Serum aliquots were stored at --20 °C until analysis at GlaxoSmithKline Vaccines' laboratory in Rixensart, Belgium, or (for OPA analysis) at SGS Lab Simon SA, Wavre, Belgium.

Serum anti-pneumococcal, serotype-specific IgG antibodies were measured using GlaxoSmithKline's 22F-inhibition enzyme-linked immunosorbent assay (22F-ELISA) at a cut-off (defined as the lower limit of quantification of antibodies) value of 0.05 µg/ml, as described before.[@R24]^,^[@R25] Antibody concentrations of 0.2 µg/ml measured with this 22F-ELISA have been shown to be equivalent to 0.35 µg/ml with the WHO reference laboratory non-inhibition assay.[@R26] OPA was measured by a pneumococcal killing assay in HL60 phagocyte cells[@R27] with a cut-off titer of 8.[@R28] The results were presented as reciprocal of maximum serum dilution (opsonic titer) able to sustain 50% killing of live pneumococci under the assay conditions. IgG antibody and OPA responses were also determined for the pneumococcal cross-reactive serotypes 6A and 19A and antibodies against NTHi protein D with a cut-off of 100 EL.U/ml were measured by a GlaxoSmithKline ELISA in all subjects.

Statistical analysis
--------------------

Analyses of safety were performed on the total vaccinated cohort. Incidences of AEs and the prevalence of concomitant medication were calculated with exact 95% CIs.

Immunogenicity analyses were performed on the ATP immunogenicity cohort, defined as vaccinated subjects who complied with all protocol-defined procedures and for whom antibody assay results were available. ELISA antibody GMCs and OPA GMTs calculations were performed by taking the anti-log of the mean of the log titer/concentration transformations. Antibody titers/concentrations below the cut-off of the assay were given an arbitrary value of half the cut-off for the purpose of GMT/GMC calculation. GMCs and GMTs were calculated with 95% CIs and percentages of children with an antibody concentration ≥0.2 µg/ml or OPA titer ≥8 against pneumococcal serotypes were calculated with exact 95% CIs. All comparisons of immune responses were exploratory. Non-overlapping 95% CI boundaries were considered indicative of possible differences between groups.

The statistical analyses were performed using SDD (Statistical Analysis System \[SAS\] Drug and Development) web portal version 3.5 and SAS version 9.2.
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:   adverse event
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:   according-to-protocol
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DTPa

:   diphtheria-tetanus-acellular pertussis

DTPw-HBV/Hib

:   diphtheria-tetanus-whole-cell pertussis-hepatitis B/*Haemophilus influenzae* type b

22F-ELISA

:   22F-inhibition enzyme-linked immunosorbent assay

EPI
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GAVI

:   Global Alliance for Vaccines and Immunization

GCP

:   Good clinical practices

GMC

:   geometric mean antibody concentration

GMT

:   geometric mean titer

IPD

:   invasive pneumococcal disease

NAFDAC

:   National Agency for Food and Drug Administration and Control

NTHi

:   nontypeable *Haemophilus influenzae*

OPA

:   opsonophagocytic activity

PCV

:   pneumococcal conjugate vaccine

PHiD-CV

:   10-valent pneumococcal nontypeable *Haemophilus influenzae* protein D conjugate vaccine

SAE

:   serious adverse event

SAS

:   Statistical Analysis System
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:   World Health Organization
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